Absence of CD59 in guinea pigs: analysis of the Cavia Porcellus genome suggests the 1 evolution of a CD59 pseudogene. 
Abstract:
25 CD59 is a membrane-bound regulatory protein that inhibits the assembly of the terminal 26 membrane attack complex (C5b-9; MAC) of complement. From its original discovery in 27 humans almost thirty years ago, CD59 has been characterized in a variety of species, from 28 primates to early vertebrates such as teleost fish. CD59 is ubiquitous in mammals; however, we 29 have described circumstantial evidence suggesting that guinea pigs (Cavia porcellus) lack CD59, 30 at least on erythrocytes. Here, we have used a combination of phylogenetic analyses with 31 syntenic alignment of mammalian CD59 genes to identify the only span of genomic DNA in
32
Cavia porcellus that is homologous to a portion of mammalian CD59, and show that this 33 segment of DNA is not transcribed. We describe a pseudogene sharing homology to exons 2 34 through 5 of human CD59 present in the Cavia porcellus genome. This pseudogene was flanked 35 by Cavia porcellus homologs of two genes, FBXO3 and ORF91, a relationship and orientation 36 that was consistent with other known mammalian CD59 genes. Analysis using RNA-Seq 37 confirmed that this segment of chromosomal DNA was not transcribed. We conclude that 38 guinea pigs lack an intact gene encoding CD59, the first report of a mammalian species that does 39 not express a functional CD59. The pseudogene we describe is likely the product of a genomic 40 deletion event during its evolutionary divergence from other members of the rodent order. that guinea pig erythrocytes were uniquely sensitive to MAC-induced lysis regardless of the 71 species source of the MAC proteins, including homologous MAC proteins, and were uniquely 72 protected from complement-mediated lysis by exogenously added CD59 from the various 73 species. These observations provoked the suggestion that guinea pig erythrocytes lacked an 74 endogenous CD59 analog (17).
75
Although this unique susceptibility of guinea pig erythrocytes to complement-mediated 76 hemolysis has been known for several decades, there is still no definitive explanation as to why 77 this is the case. Components of the guinea pig complement system have been purified and 78 characterized from as early as the 1960´s (18, 19) , with all components of the activation 79 pathways and terminal pathway characterized (20, 21) . Guinea pig complement efficiently lyses
80
"classical" targets such as antibody-sensitised sheep erythrocytes, demonstrating that there is not 81 an underlying complement deficiency. Other CReg, including decay accelerating factor (DAF; 82 CD55) and membrane cofactor protein (MCF; CD46) have been identified in and cloned from 83 guinea pig (22, 23) , but CD59 remains unidentified and an enigma.
84
Here we describe a combined immunochemical, phylogenetic and genomic approach to 85 elucidate whether guinea pigs express CD59. Our data further strengthen the contention that 86 guinea pigs do not express CD59. We show that the gene encoding for CD59 in the Cavia 87 porcellus genome has become a pseudogene. Together, the data demonstrate that there is no 88 functional gene encoding CD59 in guinea pigs; these findings provide an explanation for the 89 unique hemolytic properties attributed to guinea pig erythrocytes. 
Expression of CD59 on guinea pig erythrocytes

94
The expression of CD59 on guinea pig erythrocytes was assessed using six different antibodies; 95 two rabbit polyclonal antibodies generated against mouse CD59a and known to be cross-reactive 96 across species, including human CD59, and two monoclonal antibodies specific for human CD59 97 and mouse CD59a respectively. Erythrocytes from normal mice (C57/Bl), CD59a-deficient mice 98 and human were used as positive and negative controls. Erythrocytes from each source were 99 washed three times in isotonic phosphate-buffered saline (PBS) with centrifugation at 2000 g for 100 10 minutes to pellet after each wash, then resuspended to 0.1% (v/v) Scaffold DS562947.1 as described in the previous section. Each alignment was performed using 130 the default parameters of the genomic alignment, changing only the default start/stop sequences 131 in order to match the precise beginning and end of each exon (as indicated in Table I ). Sequence 132 similarity was calculated using the ClustalW aligned sequences and the PRABI suite of the Pole
133
Bioinformatique Lyonnais website (https://prabi.ibcp.fr) (25).
135
Phylogenetic Analysis
136
In order to determine the evolutionary relationship of the Cavia porcellus CD59 pseudogene 137 with other vertebrate CD59 genes, a phylogenetic tree was constructed using the putative cDNA 138 encoding CD59 from 43 species (listed in Supplementary Table I ). All cDNA sequences were 139 aligned using ClustalW, and the phylogenetic tree generated using the Neighbor-Joining method 140 in the MEGA6 program suite (26), with bootstrap values n=1000.
141
Another phylogenetic tree was constructed, based on the taxonomic organization of each of the 142 species described in Supplementary Table I. In this case, the taxonomic tree was generated using 143 the PhyloT (http://phylot.biobyte.de) web-based phylogenetic tree generator (27), and the 144 taxonomic NCBI identifiers for each species. 
RNA-Seq Analysis
147
To determine whether any transcriptional products were derived from the identified CD59 148 pseudogene, alignments were performed using RNA-Seq data, acquired from the Broad 
Results:
158 Flow cytometeric analysis of CD59 expression in erythrocytes.
159
Erythrocytes from guinea pig, normal mouse, CD59a-deficient mouse and human were stained Figure 2 . 
238
In order to test whether the Cavia porcellus CD59 pseudogene was transcribed, the predicted 239 sequences from all 4 characterized "exon" domains were aligned with RNA-Seq data acquired 240 from Genbank, based on the Broad Institute's CavPor3 assembly; and included reads from brain, 241 liver, lung, skeletal muscle, kidney and cervix. Expression was visualized using the NCBI
242
Genome Browser. This analysis was also performed with other known Cavia porcellus 243 complement regulators, CD46, CD55 and Crrp. As seen in Figure 6, antibodies. Guinea pig erythrocytes showed no staining, supporting the contention that they 266 lacked a CD59 analog.
267
We then conducted an extensive genomic study using an annotated Cavia porcellus genome.
268
BLAST alignments using other mammalian CD59 genes identified only limited homology to The absence of a region homologous to exon 1 of human CD59 in the guinea pig genome may 295 imply either high genetic drift, eliminating any significant similarity to human CD59 exon 1, or a 
308
The fact that intact and functional CD59 genes have been found in all other available mammalian 309 genomes suggests that loss of CD59 expression was caused by a mutation unique to guinea pigs 310 (or an ancestral species). From an evolutionary standpoint, the lack of a functional CD59 in 311 guinea pigs adds to the debate on the importance of this molecule in protecting vertebrates from 312 autoimmune damage. CD59 is reported to be ubiquitously expressed on (almost) all cells of 313 mammals (32) and is considered to be indispensable for immune homeostasis. Studies using
314
CD59a-knockout mice demonstrate that CD59 deficiency is compatible with life; the mice 315 showed increased erythrocyte turnover and a compensated anemia, and increased pathology in a 316 number of complement-mediated disease models (33-36). CD59 deficiency in humans has 317 serious consequences; isolated CD59 deficiency in humans was first described over 25 years ago 318 in a Japanese patient presenting in his 20s with symptoms resembling paroxysmal nocturnal 319 hemoglobinuria (37). More recently, CD59 deficiency was reported in several families of North
320
African Jewish ethnicity, all cases presenting in infancy with chronic hemolysis and episodes of 321 peripheral neuropathy resembling Guillain-Barre syndrome (38). All cases were homozygous for a missense mutation in the CD59 gene, pCys89Tyr, and had no detectable CD59 on cell surfaces.
323
Disease course was severe with high mortality. Other cases with remarkably similar clinical 324 features but different CD59 mutations were subsequently described (39,40); importantly, 325 treatment with the anti-C5 antibody eculizumab markedly improved both hemolytic and 326 neurological symptoms.
327
The relatively mild phenotype in CD59a knockout mice has been ascribed to the presence in 328 rodents of another widely expressed complement regulator, Crry; this was shown to be essential 329 for murine erythrocyte protection from complement attack, while CD59 was dispensable (41).
330
To date, no Crry homolog has been reported in guinea pigs, although a truncated, homologous Table 1 . Table 1 . The CD59 phylogenetic tree was generated using a neighbor-505 joining method, with bootstrap values from n=1000 indicated. The box indicates that the species 506 most phylogenetically related to guinea pig is the naked mole-rat. 
523
Taxonomic relationships between species are presented in Figure 4 , where a rooted taxonomic tree was generated 524 and comparted to a phylogenetic tree based on their respective CD59 cDNAs (see Materials and Methods 
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